ABSTRACT: Coastal bermudagrass ( Cynodon dactylon [L.] Pers) hay was fed to four ruminally cannulated steers (380 f. 14 kg BW) to evaluate the effects of intake level on digesta flow kinetics in a 4 x 4 Latin square design. Forage intakes represented 50, 70, 88, and 99% of feed voluntarily consumed per animal during a pre-experimental period. Masticated boli and wet-sieved masticated leaves (ML) and stems (MS) retained by a 4.0-mm sieve and feces retained by a .063-mm sieve were mordanted with chromium or marked with erbium, ytterbium, or dysprosium, respectively. Particle markers and a solution of Co-EDTA were pulse-dosed via the ruminal cannula. A continuous infusion of Co-EDTA was later delivered with peristaltic pumps. Intake level had no effect ( P > . l o ) on fluid and particle passage rate (PR; percentagehour) of any fractions marked. For all particle fractions, increasing intake level caused linear decreases in mean retention time (MRT; P < .03 to P < .07) and linear increases in gastrointestinal tract fill (FILL; P < .003 to P < .02) and fecal output (FO; P < . O O l ) . Estimates of FO and DM digestibility from the pulse dose of Cr mordant and continuous infusion of Co-EDTA did not differ. Kinetic estimates differed in magnitude according to the characteristics of the particle fractions marked. Marked feces gave the shortest estimate of MRT and the smallest estimate of FILL and FO. Kinetics of ML and MS also differed ( P < .001), the former having faster PR, shorter MRT, and smaller FILL and FO. Use of representative samples of ingested feed should give more realistic estimates of digesta kinetics than estimates derived from ingesta fractions because kinetics of separated leaf and stem fractions differed.
Introduction
Forage disappearance from the reticulorumen is the sum of the rates of reticuloruminal digestion and absorption and the exit of undigested residues. Clearance from the reticulorumen depends on physical reduction in size, microbial digestion of ingesta, and the passage of residues through the reticulo-omasa1 orifice (Ulyatt et al., 1986) . If fill limits intake, feed residues must exit the reticulorumen before more feed can be consumed (Balch and Campling, 1965) . Hence, a clearer understanding of factors that influence lcooperative investigation of the USDA, ARS, and the North Carolina ARS, Raleigh 27695-7643. The use of trade names in this publication does not imply endorsement by the North Carolina ARS or USDA, ARS of the products named, or criticism of similar ones not mentioned. stall (1.14 m x 1.83 m). Steers were acquired, retained, and used in compliance with federal, state, and local laws and regulations. Use of analgesics and animal care were designed t o minimize pain and discomfort during preoperative, operative, and postoperative procedures and followed procedures outlined by the Consortium (1988) . Four of the six animals, averaging 380 -t 14 kg BW, were used in the experiment. Each steer received a 5-mL vitamin A and D3 injection (500,000 and 75,000 IU/mL, respectively; Agri Labs, St. Joseph, MO) and was treated for internal and external parasites (Ivermectin; MSD AGVET, Division of Merck and Co., Rahway, NJ). Animals were accustomed to human contact and intensive sampling via the ruminal cannula. Voluntary DMI was measured in a pre-experimental period of 25 d; Coastal bermudagrass ( Cynodon dactylon [Ll Pers.) hay was fed in the long-stem form, at 12-h intervals, allowing for 10% orts. Experimental intake levels then were set a t 50, 70, 90, and 110% (3.1, 4.4, 5.5, and 6.7 kg/d, respectively) of voluntary DMI by each steer (determined in the pre-experimental period) in a 4 x 4 Latin square design. Orts were removed and weighed once daily and were present only for the 90 and 110% level of feeding. Therefore, actual DM consumed during the experiment represented 50, 70, 88, and 99% of pre-experimental voluntary DMI. Each period lasted 22 d, of which the first 11 d were used for dietary adaptation. Between each period, animals had ad libitum access to hay for 15 d. Steers had continuous access to trace mineral salt blocks (contained [percentage] : NaC1, 93 to 98; Zn, > .35; Mn, > .28; Fe, > .175; Cu, > .035; I, > .007; and Co, > .007; Morton Thiokol, Chicago, IL) and water. During the pre-experimental, ad libitum intake phase, the steers consumed approximately 60% of their daily feed during the day and the remainder at night. Hence, during the experiment, 60% of the feed was provided at 0900 and 40% a t 2100.
Preparation of the Fiber Fractions. At the conclusion of the pre-experimental voluntary DMI period, the reticulorumen was emptied via the ruminal cannula and digesta were stored in a plastic container kept at 37 to 39°C in a water bath. After emptying of the reticulorumen, steers were fed and allowed to eat until they were satiated (approximately 70 m i d . The newly masticated boli (MB) were removed from the reticulorumen, pooled across steers, mixed thoroughly, and placed in plastic bags. Finally, digesta stored in the water bath were returned to the reticulorumen via the ruminal cannula. One portion of MB was frozen immediately and freeze-dried, and a second portion was wet-sieved (Luginbuhl et al., 1989 ) using two 20-cm i.d. sieves with 5.6-and 4.0-mm square apertures that were fitted in an electromagnetic shaker (Fritsch Analysette 3; The Tekmar Co., Cincinnati, OH). Masticated boli particles retained on both sieves were pooled, frozen, freeze-dried, and separated into masticated leaf ( ML) and masticated stem (MS) using a vertical air column seed cleaner with screened ends (Seedburo Equipment, Chicago, IL). The lighter material, hereafter classified as ML, was lifted in the air current from the bottom screen and trapped in sloped baMes in the vertical column; the heavier particles, presumed to be MS, remained on the bottom screen. Both fractions were separated once more by the same process and inspected visually to ensure proper separation. The 5.6-and 4.0-mm sieves were chosen to facilitate separation based on the aerodynamic properties of the particles in an air column. Particles retained on sieves with smaller apertures were excluded because of the difficulty to separate them in an air column based on their density and(or) t o identifjr them visually in the dry state. Feces were collected from each animal once daily for four consecutive days. Fecal samples were pooled and washed by wet-sieving through five 20-cm i.d. sieves with square apertures of 1.0, .5, .25, .125, and .063 mm on a side, respectively, and oven-dried at 55°C for 48 h. Nonsieved MB, sieved feces, and ML and MS fractions were boiled in neutral detergent solution without EDTA to eliminate the possibility of residual chelating agent solubilizing some of the markers and washed thoroughly with warm tap water to remove the neutral detergent solution.
Chromium was mordanted to the neutral detergenttreated MB as described by Uden et al. (1980) , with the exception that only 8% of the dry fiber weight was added as Cr. Sieved fecal, ML, and MS fiber residues were immersed for 18 h in aqueous solutions of dysprosium nitrate (Dy[N03]36H20 ), erbium chloride (ErC13-6HzO), and ytterbium nitrate (Yb[N03] .5HzO), respectively, at 2% of the dry fiber weight as Dy, Er, and Yb (Ellis et al., 1980) . The soaked material then was rinsed thoroughly with tap water t o remove loosely bound marker and dried at 55°C. This scheme facilitated marker preparation, but confounded marker with particle fraction. Pond et al. (1989) found no difference between the passage characteristics of fiber simultaneously mordanted with Cr and labeled with 1771uticium. Hence, behavior of markers in the gastrointestinal tract and recovery in the feces were assumed to be similar; analogous assumptions were made by Worrell et al. (19861, Quiroz et al. (1988), and Cherney et al. (1991) .
Dosing and Sampling. Before the 0900 feeding on d 12, each steer received a single intraruminal dose of marked material consisting of 30 g of Cr-mordanted fiber (33.0 mg of Cr/g), 50 g of Yb-(4.6 mg of Yb/g), 50 g of Er-(6.4 mg of Er/g), and 80 g of Dy-(1.9 mg of Dy/g) marked fiber. The marked material, enclosed in small tissue paper bags that were sealed with a nontoxic, water-based glue, was placed in the vicinity of the cranial sac via the ruminal cannula. Marked feces were dosed to provide an estimate of the PR of particles that had already gone through the necessary digestion and comminution processes to flow through the reticulo-omasa1 orifice. A 30-mL aqueous solution of Co-EDTA (6.6 mg of Co/mL) was injected (Uden et al., 1980) in the vicinity of the cranial sac immediately after dosing the particle fractions. Fecal grab samples were taken from the rectum before dosing, every 4 h after dosing for 56 h, and at 8-h intervals thereafter for 72 h. A final fecal sample was collected 144 h after dosing. Fecal samples were dried in a forced-air oven a t 55°C for 72 h. During the last 6 d ( d 16 to 22) of each experimental period, each steer received an aqueous solution of Co-EDTA (3,600 mL/ d; .5 mg of Co/mL), delivered through the ruminal cannula by peristaltic-infusion pumps (Cole Parmer Instrument, Chicago, IL). The Co-EDTA solution had been filtered through filter paper (Whatman No. 4, Fisher Scientific, Raleigh, NC) to prevent clogging of the delivery lines. Without filtration, small amounts of precipitated material tended to accumulate at the bottom of the bottles. Infusion pumps and bottles containing the daily solution to be infused were placed on a platform situated above the steers. Fecal samples were collected four times daily during the last 3 d of the 6-d infusion period and dried in a forced-air oven a t 55°C for 72 h. Sampling sequences were organized to obtain samples representing every 2 h during the 3-d period.
Marker Analyses. Fecal samples were ground with a coffee grinder and wet-ashed to extract markers (Quiroz et al., 1988; Moore et al., 1992 ). Wet-ashed samples then were analyzed for Cr, Yb, Er, Dy, and Co by atomic absorption spectrophotometry (Model 5000, Perkin-Elmer, Nonvalk, CT) with air as the oxidant for Cr and Co and nitrous oxide as the oxidant for Dy, Er, and Yb. Excretion curves of markers were fitted to gamma age-dependent, age-independent two-compartment models with increasing orders of gamma age dependency (denoted by n ) in the age-dependent compartment ( GnG1, n = 2 to 4 ) and a time delay (TD; Pond et al., 19881, using the NLIN procedure of SAS (1985) , as described by Moore et al. (1992) . The age-dependent and age-independent compartments also are described as the fast and slow compartments, respectively, the slow compartment representing passage from the rumen. Excretion curves of markers were fitted to G2G1 (Co, Dy), G3G1 ( C r ) , and G4G1 (Er, Yb) two-compartment models, and PR, MRT (n/ lambda + 1/PR + TD), and FO ([DOSE/C,l x PR x 24 h ) were estimated. Fill of undigested DM in the whole gastrointestinal tract was the sum of fills from the two compartments (e.g., DOSE/C, for the slow compartment and [DOSE x PRMlambda x constant x C,] for the fast compartment). Mann et al. (1987) previously reported FILL as DOSE/C,, which was only the FILL associated with the slow compartment. Generally, the contribution to the total FILL from the fast compartment is small. Lambda and PR are the passage rate parameters of marker from the age-dependent and age-independent compartments, respectively, DOSE is the amount of marker dosed, and C, is the initial marker concentration if instantaneously mixed in the age-independent compartment. The constant is a function of age dependency (i.e., 59635 for G2G1, .47454 for G3G1, and .40857 for G4G1), so that the value estimated for the initial concentration of marker in the age-dependent compartment is equivalent for all age-dependent and age-independent models . Passage rate from the age-dependent compartment is calculated as lambda x constant and that from the age-independent compartment is equal to PR. Criteria for model selection were reported previously (Quiroz et al., 1988; Moore et al., 1992) . Fecal output estimates from the continuous infusion of Co were derived from the following equation : FO = average DOSE/average Co concentration in feces.
Chemical Composition. The hay, freeze-dried MB, ML, MS, and orts (present only a t the two highest levels of intake) were ground to pass a l-mm screen in a cyclone mill (Udy Co., Fort Collins, CO). Samples were analyzed for CP, DM, and OM (AOAC, 1990) and for NDF, ADF, cellulose, hemicellulose, and permanganate lignin (Robertson and Van Soest, 1981) . The IVOMD was determined by a modified two-stage technique (Tilley and Terry, 1963) as described by Burns and Cope (1974) . One ruminally cannulated Hereford steer fed a hay diet that consisted of 20% orchardgrass and 80% alfalfa was used as the donor for the ruminal inoculum.
Statistical Analyses. Data were subjected to ANOVA for a balanced 4 x 4 Latin square experiment (Lucas, 1948) ; one cell was missing because of replacement of one animal after the first period (Luginbuhl et al., 1991) . Intake level (50, 70, 88, and 99% of ad libitum) effects were tested separately for each marker using polynomial regressions (Steel and Torrie, 1980) estimated by the GLM procedure of SAS (1985) . To test for differences among marked fractions or dosing techniques, fecal marker data were analyzed as a split plot. The model used was Y = p + animal + period + intake level + errora + fraction or dosing technique + intake level x fraction or intake level x dosing technique + erroq,. Error, was used to test hypotheses for animal, period, and intake level; results from this trend analysis are not shown or discussed because values are means averaged across markers. Erroq, was used to test fraction or dosing technique, and intake level x fraction or intake level x dosing technique. Single df, preplanned orthogonal contrasts were used as follows to determine differences among marked fractions. For PR and MRT: 1) fluid vs feces; 2 ) leaf vs stem; 3 ) boli vs leaf + stem; and 4 j feces + fluid vs leaf + stem + boli. For the FILL and FO, Contrast 1 did not apply, and fluid was deleted from Contrast 4.
Results and Discussion
Chemical Composition. The high NDF, low CP, and low IVOMD (Table 1) of the experimental hay reflected its maturity. Differences in chemical composition and IVOMD between the hay and MB were small, which indicates that most of the non-NDF constituents, such as soluble carbohydrates and N, although partly solubilized by saliva during ingestive mastication, were still present in the samples analyzed. Separated ML and MS represented 50.4 and 49.6%, respectively, of sieved MB particles that accumulated on a 4.0-mm sieve (data not shown). These particles accounted for 52.5% of the total boli particle DM (Luginbuhl et al., 1989) . Microscopic verification of MS and ML showed that 2 95% of particles were separated correctly (K. R. Pond, personal communication). The ML fraction had a dark green color, was easily compressed, and had a soft texture, whereas the MS fraction had a pale yellow color and was very abrasive to the touch. The CP concentration of MS was less than in the hay, in ML, and in MB, all three of which had fairly similar CP values. Concentrations of NDF and cellulose were similar in ML and MS fractions, whereas ADF and lignin were greater in the latter; consequently, the concentration of hemicellulose was lower in MS. Cell wall constituents of ML and MS were numerically greater than in the hay and MB. Compared with the hay, the greater ash values of MB indicated that minerals present in saliva contaminated the sample and displaced some cell contents. High NDF concentrations in ML and MS can be attributed to the high concentration of NDF of the hay and to solubilization by saliva; most materials solubilized during ingestive mastication seemed t o be lost during wet sieving. In steers fed Coastal bermudagrass hay (72% NDF), values as high as 98% NDF were reported by Pond et al. (1982) for MS and ML retained on a Table   1 .6-mm sieve. In vitro OM disappearance from ML and MS were similar; both were numerically less than IVOMD from the hay and MB (Table 1) . With sheep, Laredo and Minson (1973) observed slightly lesser in vivo DM digestibilities from leaf (52.6%) than from stem (55.8%) fractions of five tropical grasses, in which stem and leaf contained 72.7 and 66.6% NDF, respectively. Conversely, Poppi et al. (1980 Poppi et al. ( , 1981 reported that leaf and stem fractions of Chloris guyana and Digitaria decumbens had equal in situ digestion rates and were digested to the same extent by cattle and sheep.
Disregarding wet sieving losses, the similarities of ML and MS in NDF concentrations and IVOMD values may partly be attributed to the microanatomy of Coastal bermudagrass leaves. Mature Coastal bermudagrass leaves have greater concentrations of xylem and sclerenchyma (Akin and Burdick, 1975) relative to mesophyll tissue (Akin, 1979) .
Passage Rate. Within a marked digesta fraction, intake level did not affect ( P z .14 to P > .33) wholetract PR (Table 2 ) . Nevertheless, PR numerically increased by 17% (Co-fluid), 23% (Cr-MB), 20% (Yb-MS), and 22% (Er-ML and Dy-feces) as intake level increased from 50 to 99% of pre-experimental intake. Intake level and marked fraction did not interact ( P > .go). Fractional PR averaged 38% greater for ML than for MS ( P < .002); ML + MS had a 19% faster PR than MB ( P < .078). Averaged across intake level, PR values did not differ for ML (3.25%/h) and feces (3.22%/h), and PR values of MB and MS were identical (2.36%/h). Greater PR of small tropical leaf than of corresponding stem fractions (particles passing a 1.18-mm sieve during wet sieving) has been observed in Hereford steers (McLeod et al., 1990 ). In addition, Lascano et al. (1978) reported that the PR of Coastal bermudagrass MS particles retained on a .6-mm sieve was 25% less than that of ML particles. In cattle grazing mature Coastal bermudagrass cL = linear and Q = quadratic effects of intake level.
dMasticated boli were wet-sieved and particles retained on sieves with 5.6-and 4.0-mm square apertures were freeze-dried and separated eWet fecal particles retained on a sieve with a .063-mm square aperture.
into leaf and stem fractions in a vertical air column.
(70.0% NDF in consumed forage), Pond et al. (1987) found that the PR of ML retained on a 1.6-mm sieve was 2.8%/h. In the present study, masticated fractions had an overall slower PR ( P < .001) than the fluid and marked feces considered together. The faster PR of the fluid fraction and the slower PR of both MB and MS were the main factors accounting for this difference. Grovum and Williams ( 19 7 3 j reported differential rates of turnover of fluids vs particulate matter in the reticulorumen and abomasum, but not in distal gastrointestinal tract segments. Compared with the particle fractions, the fluids had the fastest PR, and fluid PR was markedly faster than the PR of feces ( P < .OOl). Lindberg (1988) indicated that ruminal outflow of small particles is related to ruminal outflow of water. Egan and Doyle (1984) demonstrated with sheep that very small particles flowed at a rate close to that of the fluids, and that the PPR from the reticulorumen increased as particle size decreased. Because of entrapment in the reticuloruminal raft, even the finest particles flowed from the reticulorumen more slowly than the fluid fraction; a small proportion, however, seemed to flow with the fluid fraction (Faichney, 1986) . In addition, not all small and fine particles have equal opportunity for ruminal escape . Sutherland ( 19 8 8 found greater concentrations of small particles in the dorsal than in the ventral rumen, an indication of entanglement in the raft. In another part of our study, Luginbuhl et al. (1990) reported that 88.8% of fecal particles were sufficiently small at 12 h after feeding t o pass a 1.0-mm sieve, compared with 62.7% for mixed reticulorumen particles. In addition, these authors reported that more than half the digesta present at any time in the reticulorumen was smaller than the size considered critical for passage, indicating that particle size reduction, although a prerequisite, is not the rate-limiting step regulating digesta exit from the reticulorumen. As reviewed by Kennedy and Doyle ( 1993 1, whether particle entrapment in the fiber raft is a factor delaying passage of small particles is subject to disagreement and seems to be linked to experimental conditions. In our study, the smallest fecal particles (particles passing the .063-mm sieve: 8.5% of fecal particles; Luginbuhl et al., 1990) were not collected during wet-sieving; consequently, these particles were not part of the Dy-marked feces. Evans (1981a,b) and Owens and Goetsch (1986) reported simple linear regression relationships between feed intake and ruminal fluid and particulate PR in cattle and sheep. Okine and Mathison (1991) observed linear relationships between feeding level (1.0, 1.3, 1.5, and 1.7 x maintenance) and ruminal and total tract particulate PR in nonlactating dairy cows. However, increasing intake from a low level (Owens and Goetsch, 1986) or supplementing bermudagrass or orchardgrass hays with 0, 15, or 30% alfalfa (Lagasse et al., 1990) has not consistently increased particulate PR. Ulyatt et al. (1984) reported that an increase in daily DMI by sheep from 700 to 1,050 g increased the output (gramdday) of NDF, cellulose, and hemicellulose into the duodenum but did not increase the fractional output (percentage/ hour) of these three fractions. Ellis et al. (1984) reasoned that increasing DMI would not change the rate of turnover (percentagehour) by escape if FILL and output increased equally because the ratio between FILL and output would remain equal. In our study, no change was significant in particulate and fluid PR, thereby corroborating the findings of Ulyatt et al. (1984) in sheep and the rationale of Ellis et al. (1984) . Moreover, Owens and Goetsch (1986) indicated that the effect of feed intake on ruminal particulate PR decreased as the volume and DM content of the RR increased, both of which occurred in another phase of our study (Luginbuhl, 1987) .
Mean Retention Time. Increasing intake level
elicited linear decreases in MRT ( P < .03 to P < .07) of each marked fraction (Table 3 ) . Decreasing intake level from 99 to 50% lengthened MRT of the fluids, MB, ML, MS, and feces by 12, 24, 22, 27, and 18 h, respectively, thereby greatly increasing the exposure of reticuloruminal digesta to further comminution by rumination. The flow of digesta through the gastrointestinal tract is more appropriately described by MRT (n/lambda + 1 P R + TD) than by PR because the computation of MRT involves three parameters. A shift in lambda and TD independent of PR could explain the different responses to intake level observed for PR and MRT. No interaction existed between intake level and marked fraction ( P > .50). The longer MRT of the masticated fractions ( P < .OO 1) than that of the fluids + feces reflected PR results.
Dysprosium-marked feces were retained in the GIT twice as long as the fluids measured with Co ( P < .001). A shorter MRT was observed for ML than for MS ( P < .001). Values for MB were intermediate between those observed for MS and ML, leading to similar MRT for MB compared with ML + MS. Cherney et al. (1991) observed a close relationship between MRT of the fluids, small plant parts, and fecal particles, although MRT of the fluids always was less than that of the particle fractions.
In dairy goats that had ad libitum access to feed or that were fed at two restricted levels of intake, ruminal and whole-tract MRT of small particles and the fluids were described by a linear relationship to intake (Lindberg, 1988) . In nonlactating dairy cows fed at maintenance and three higher intake levels, Okine and Mathison (1991) reported that ruminal, lower tract, and whole-tract MRT of NDF were related linearly to intake. In sheep, Cherney et al. (1991) indicated that restricting feed intake was associated with an increase in fluid and particulate MRT. However, in other studies with sheep and cattle, no such effect of feed intake on particle MRT was detected (Varga and Prigge, 1982; Prigge et al., 1984) . In cattle and sheep fed separated leaf or stem fractions of tropical or temperate grasses or legumes, shorter MRT were observed for the leaf fraction, which also was consumed in greater quantities (McLeod and Smith, 1989; McLeod et al., 1990) . Cherney et al. (199 1 ) examined the MRT of marked fractions from several forages fed whole to sheep. Large and small leaf blade fractions had, in most cases, shorter MRT than stem fractions of corresponding size. In addition, large leaf sheath particles generally had MRT that were intermediate between those of large leaf blade and stem fractions. These authors further indicated that marked, dosed fecal particles had longer MRT than the fluids measured by Co but shorter MRT than other particles, except for small leaf blades (ground in a Wiley mill to pass a 1-mm screen) of 2 of 12 hays tested.
Gastrointestinal Tract Fill and Fecal
Output. Increases in level of feed intake resulted in linear increases in both FILL and FO ( P .001 t o P < .006) estimates for all marked particle fractions (Tables 4 and 5, respectively). Increments of change of 33, 44, 40, and 31% in FILL and 79, 83, 87 , and 69% in FO were observed for MB, ML, MS, and feces, respectively, as intake level increased from 50 to 99% of ad libitum. Intake level and particle fraction did not interact for FILL ( P > .24); however, an intake level x particle fraction was observed for FO ( P = .05).
Differences between estimates of FO from the four marked fractions became larger as feeding level was increased, but the ranking did not change. In addition, expressed as a proportion of FO estimates from MB, aLeast squares means, n = 4.
bPercentage of DMI determined in initial ad libitum intake phase. cL = linear and Q = quadratic effects of intake level. dMasticated boli were wet-sieved and particles retained on sieves with 5.6-and 4.0-mm square apertures were freeze-dried and separated eWet fecal particles retained on a sieve with a .063-mm square aperture.
into leaf and stem fractions in a vertical air column. cL = linear and Q = quadratic effects of intake level. dMasticated boli were wet-sieved and particles retained on sieves with 5.6-and 4.0-mm square apertures were freeze-dried and separated eWet fecal particles retained on a sieve with a ,063-mm square aperture.
estimates from ML, MS, and marked fecal material were similar across feeding level (71.9, 56.7, and 35.6% for MS, ML and feces, respectively). As greater quantities of feed were ingested, physical mechanisms regulating the onward flow and excretion of digesta were activated with greater frequency, whereas the artificial situation created by severely restricting intake decreased peristalsis. Therefore, the differences existing among estimates of FO calculated from kinetics of particle fractions were minimized as feeding level decreased.
Orthogonal contrasts showed similar responses for both FILL and FO. Masticated boli gave the largest numerical estimates of FILL and FO, and estimates for FILL and FO for MB differed from estimates of ML + MS ( P < .OOl>. Masticated leaves gave lower estimates ( P < .001) than masticated stems. Finally, FILL and FO estimated from masticated fractions were 206 and 184% greater ( P < .001), respectively, than those estimated from marked fecal material. In contrast to our results, Krysl et al. (1988) reported that in sheep, fecal material labeled with Dy overestimated FO determined with Yb-labeled forage or measured by total collection. In two grazing studies with tall fescue, switchgrass, flaccidgrass, and gamagrass, Burns et al. (1991 Burns et al. ( , 1992 observed lower estimates of FILL and FO by Hereford steers than in our study with Cr-mordanted MB. In crossbred steers grazing Coastal bermudagrass, however, estimates were smaller than ours for FILL but greater than ours for FO .
Comparison of Fecal Output and Digestibility Estimates.
No intake level x dosing technique interaction was observed for FO ( P > .96) or DM digestibility ( P > .99; Table 6 ). Fecal output estimated either by a pulse dose of Cr-mordanted fiber or by continuous aLeast squares means, n = 4. bPercentage of DMI determined in initial ad libitum intake phase. cL = linear and Q = quadratic effects of intake level. dMasticated boli were wet-sieved and particles retained on sieves with 5.6-and 4.0-mm square apertures were freeze-dried and separated eWet fecal particles retained on a sieve with a ,063-mm square aperture.
into leaf and stem fractions in a vertical air column. aLeast squares means, n = 4.
bPercentage of DMI determined in initial ad libitum intake phase. cL = linear and Q = quadratic effects of intake level.
infusion of Co increased linearly ( P < .001) with increasing forage intake. Mader et al. (1984) reported that when Cr-mordanted sorghum-Sudan hay was fed to steers, estimates of FO (.88% of BW) only represented 77.3% of the collected FO. When Moore et al. (1992) fed sheep chopped hay, Cr-mordanted fiber overestimated measured FO by 10%. In our study, both dosing techniques gave similar estimates of FO, but the validity of these estimates cannot be determined because FO was not measured by fecal collection. Recently, Brandyberry et al. (1991) showed that continuous administration of Co-EDTA to ruminally fistulated steers gave estimates of FO that did not differ from total collection of feces. Dry matter digestibility values were within the expected range Pond et al., 1987) for our lowquality hay. The use of FO estimates from either ML, MS, or marked fecal material (Table 5) in the calculation of digestibility, however, would have increased digestibility values. Intake level had no effect on estimates of DM digestibility. An absence of an intake level effect on apparent DM digestibility also was reported by Luginbuhl et al. (1992) with steers fed two levels (1.2 and 2.4% of BW) of long-stem, vegetative switchgrass hay and by Reid et al. (1992) with sheep fed four switchgrass hay cultivars chopped in a commercial hammer mill mixer fitted with a 2.5-cm screen. In our study, the failure of intake level to affect DM digestibility can be reconciled by considering MRT values (Table 3) . At the 99% level of intake, MRT probably exceeded the time required for fermentation of digestible nutrients by the gut microflora. Therefore, increasing MRT through restricted intake had no effect on digestibility, even though the size of ruminal and fecal particles decreased linearly as level of intake decreased (Luginbuhl et al., 1990) . Changes in particle size resulted from an increase in the extent of comminution by rumination of the more refractory material.
Particle Markers. Use of rare earths and Crmordant as particle markers has been criticized because of the possibility of dissociation of marker from marked particles and(or) migration to unmarked fiber or to the fluids Beauchemin and Buchanan-Smith, 1989 ). In addition, altering the density of fiber particles by using high concentrations of Cr during the mordanting process can increase the PR of marked particles (Ehle et al., 1984; Ramanzin et al., 1991) . Crooker et al. (1982) detected displacement of Yb from particles in an acidic environment that simulated the conditions of the abomasum. Conversely, only limited solubilization was detected by Ledoux et al. (1985) . The method of rare earth labeling may have caused much of the marker migration reported in some studies. Soaking material previously boiled in a neutral detergent solution with a rare earth solution, followed by extensive rinsing to remove excess or weakly bound elements, with or without addition of acid, has minimized marker migration Owens and Hanson, 1992) . Hartnell and Satter (1979) detected little marker movement and indicated that rare earth elements were suitable markers of forage fractions because they are adsorbed largely onto the outer side of the cuticle or lignified plant cellwall, and that these fractions undergo relatively little digestion in the gastrointestinal tract. Slower PR and longer MRT for Cr-mordanted than for Yb-, Er-, or Dymarked hays have been reported Moore et al., 19921 , whereas similar PR and longer MRT for Cr-mordanted than for Yb-marked hays also have been observed (Coleman et al., 1984) . Using similar Cr and greater rare earth concentrations of bound markers than those in the present study, Pond et al. (1989) found that flow characteristics of rare earths applied by the soak and rinse procedure were similar to those of the more tenaciously bound Crmordanted fiber. Compared with other reports (Ehle et al., 19841 , it is fair to assume that in our study the respectively low and very low concentrations of Cr and rare earth elements bound to particle fractions would have caused little change in bulk density. Furthermore, extensive dissociation and(or) migration of markers should have caused masticated fractions (MB, ML, and MS) to have similar PR characteristics. Finally, determinants of digesta kinetics occur primarily in the reticulorumen; therefore, post-reticuloruminal marker migration should not invalidate kinetic estimates derived from fecal marker measurements (Owens and Hanson, 1992) . In our study, particle markers marked different digesta fractions; hence, estimates of PR, MRT, FILL, and FO were expected to differ among fractions (Tables 2 to 5 ) . Masticated boli provided estimates for the digesta as a whole because the material marked represented a wide distribution of particle sizes derived from initial chewing by the animals. Masticated leaves and masticated stems represented coarse material from the reticuloruminal mat, whereas feces represented dense material that could escape through the reticulo-omasa1 orifice without further reduction in size. Estimates of FILL and FO supported the above assumption, being greatest from Cr-mordanted MB and least from Dy-marked feces. Ytterbium-marked MS and Er-marked ML had intermediate values.
These findings indicate that FILL represents a specific marked fraction that can vary fourfold among different particles. Worrell et al. (1986) followed the passage of three particle size fractions through the gastrointestinal tract of hay-fed cattle and reported greater PR, shorter MRT, and lower FILL with smaller particle sizes. In their study, after hay was coarsely ground in a Wiley mill without a screen, large, dry-sieved particles retained on a 1.68-mm screen were marked with Yb, small particles passing a .85-mm screen were mordanted with Cr, and intermediate particles were marked with Er. Other studies have confirmed that larger particles are resistant to flow (McLeod et al., 1990; Bruining and Bosch, 1992) . Models describing the movement of large particles generally have higher orders of gamma age-dependency than models describing the passage of small particles or fluids (Quiroz et al., 1988) , which agrees with our results. The order of gamma age-dependency is associated with the degree of right skewness of the excretion curves of markers; the degree of skewness is less pronounced for the curves associated with particle markers than for the curves associated with fluid markers. Excretion curves associated with fluid markers have a shorter TD and a steeper rising phase than the excretion curves of particle markers. Biologically, this may indicate that fluids entering the reticulorumen are readily mixed with the digesta and that they rapidly reach the proximity of the reticuloornasal orifice, which increases their probability of exit from the reticulorumen. Conversely, to achieve the characteristics needed to pass through the reticuloornasal orifice, particles undergo modifications through rumination, microbial degradation, hydration, detrition, and other processes. Dry Coastal bermudagrass leaves are brittle, a property that probably eases and hastens physical reduction in size during initial chewing, rumination, and detrition. Stems, on the other hand, are stiff and abrasive to the touch, and are not decreased in size as easily as leaves (our unpublished observations). These factors and differences in anatomy, morphology, elasticity, and shear and tensile strength between leaf and stem fractions probably accounted, in part, for the faster PR and shorter MRT of ML than of MS. Wetsieving and the boiling of particle fractions in neutral detergent solution before labeling the markers are additional factors that affect the true characteristics of ingesta fractions. Wilson et al. (1989a,b) reported that for leaf material, width of a particle was decreased both by chewing and by digestion, whereas particle length was decreased only by chewing. Plant morphology has been shown to influence MRT of particle fractions (Cherney et al., 1991) . McLeod et al. ( 1990) reported that large-leaf fractions (particles retained on a 1.18-mm sieve during wet sieving) from two tropical grasses regurgitated during rumination offered less resistance to fragmentation than largestem fractions did. In addition, the energy used to grind a l-g sample in a laboratory mill was less for the leaf than for the stem fractions of five tropical grasses (Laredo and Minson, 1973) . Finally, differences in reticular sedimentation, specific gravity, hydra tion and swelling capacity between leaf and stem particles, and differences in the rates at which those factors change, are additional elements to consider (Kennedy and Murphy, 1988) .
Implications
Level of feeding greatly influenced mean retention time in the total tract of marked digesta fractions. In addition, mean retention times differed among digesta fractions. Therefore, the proportion of available leaves and stems to animals fed or grazed on Coastal bermudagrass influences feed intake and has either a favorable or an adverse effect on production. Feeding low-quality forage greatly increases the time that digesta are retained in the gastrointestinal tract, even in animals with ad libitum access to feed. Restricting consumption may not increase digestion, but it can decrease the intake of digestible nutrients.
